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drocarbons A, B, C, and D, and [CO] is a volume con-
centration of carbon monoxide.
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Description
TECHNICAL FIELD

[0001] The disclosure relates to a method for producing a carbon nanostructure aggregate and a carbon nanostructure
aggregate and, in particular, relates to a method for producing a carbon nanostructure aggregate having a large external
specific surface area and a carbon nanostructure aggregate.

BACKGROUND

[0002] Inrecentyears,carbonnanostructures suchas carbon nanotubes (CNTs) and fullerenes have attracted attention
as novel carbon materials. Among them, CNTs have relatively large specific surface areas and are therefore expected
to have a wide range of applications as material and energy storage media, separation membranes, electrode materials,
catalyst carriers, and the like. Accordingly, in order to obtain a CNT having a large specific surface area, a technique is
known that involves creating holes in the end or side wall of a CNT by, for example, activation treatment such as oxidation
to increase the specific surface area (e.g., see PTL 1).

[0003] However, the specific surface area increased by the method like PTL 1 is usually the internal specific surface
area and not the external specific surface area. From the viewpoint of accessibility of substances and the like to CNTs,
it is more preferable to increase the external specific surface area. Also, the treatment for creating holes in the end or
side wall of CNTs by activation treatment such as oxidation is highly troublesome. Thus, the demand exists for a carbon
nanostructure that has a larger external specific surface area as synthesized.

[0004] An arc discharge method, a laser abrasion method, a chemical vapor deposition (CVD) method, and the like
are known as methods of producing CNTs. As one type of CVD method, a super growth method is proposed that is
characterized by adding a catalyst activating material (a compound containing an oxygen atom, such as water and
carbon dioxide) to a source gas (e.g., see PTL 2). In this method, the added catalyst activating material prevents catalyst
deactivation, and thereby a significant productivity improvement and quality enhancement (increased length, high purity,
large specific surface area) are achieved.

[0005] The use of carbon dioxide as a catalyst activating material in the super growth method is known to be advan-
tageous as compared to water in that the uniformity of the grown CNT in the substrate plane is improved (e.g., see PTL
3) and strict control of the amount of the catalyst activating material to be added is unnecessary (e.g., see PTL 4).

CITATION LIST
Patent Literature
[0006]

PTL 1: JP2011-207758A
PTL 2: WO2006/011655A
PTL 3: JP5622101B

PTL 4: WO2012/057229A

SUMMARY
(Technical Problem)

[0007] However, the use of carbon dioxide as a catalyst activating material in the super growth method is disadvan-
tageous in that the external specific surface area of the synthesized CNT is slightly inferior. Accordingly, an object of
the disclosure is to provide a method for producing a carbon nanostructure aggregate having a large external specific
surface area, and a carbon nanostructure aggregate.

(Solution to Problem)

[0008] As a result of having conducted diligent research into ways to solve the above problem, the inventor found that
a carbon nanostructure having a large external specific surface area can be produced by adding carbon monoxide and
carbon dioxide as catalyst activating materials to a source gas and then adjusting the ratio [CO]/[C] of the volume
concentration [CO] of carbon monoxide to the total volume concentration [C] of carbon of hydrocarbon contained in a
gas that is actually brought into contact with a catalyst (hereinafter also simply referred to as a "contact gas") to an
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appropriate range.

[0009] Also, the inventor found that a carbon nanostructure aggregate having an external specific surface area ex-
ceeding 1300 m2/g can be obtained by adjusting [CO]/[C] and the ratio [CO]/[CO,] of the volume concentration [CO] of
carbon monoxide to the volume concentration [CO,] of carbon dioxide to appropriate ranges.

[0010] Moreover, the inventor also found that a carbon nanostructure aggregate exceeding 1315 m2/g, which is the
theoretical value of a single-walled CNT, can be obtained by adjusting [CO]/[C] and [CO]/[CO,] to more appropriate
ranges, thereby completed the disclosure.

[0011] That s, the aspects of the disclosure for solving the above problem are as follows.

[0012] The method for producing a carbon nanostructure aggregate of the disclosure is a method for producing a
carbon nanostructure aggregate, comprising supplying a source gas to a catalyst to grow a carbon nanostructure ag-
gregate comprising a plurality of carbon nanostructures by a chemical vapor deposition method, wherein

a gas derived from the source gas and brought into contact with the catalyst comprises:

as a hydrocarbon to serve as a carbon source, at least one of:

a hydrocarbon A having at least one acetylene skeleton,

a hydrocarbon B having at least one 1,3-butadiene skeleton,

a hydrocarbon C having at least one cyclopentadiene skeleton, and

a hydrocarbon D having at least one allene skeleton, and carbon monoxide and carbon dioxide; and

satisfies

0.01<[COY/[C]<15

where [C] is a total volume concentration of carbon contained in the hydrocarbons A, B, C, and D, and [CO] is a volume
concentration of carbon monoxide.

[0013] Inthedisclosure, the volume concentration of carbon monoxide is preferably 0.001% or more and less than 15%.
[0014] In the disclosure, the source gas preferably comprises at least one of acetylene, ethylene, 1,3-butadiene, and
cyclopentene.

[0015] In the disclosure, the gas derived from the source gas and brought into contact with the catalyst preferably
satisfies 0.01<[CO]/[CO,]<30 where [CO,] is the volume concentration of carbon dioxide.

[0016] In the disclosure, the carbon nanostructures are preferably carbon nanotubes.

[0017] In the disclosure, the gas derived from the source gas and brought into contact with the catalyst preferably
satisfies 1.0<[COJ/[C]<3.0 and 1.0<[COJ/[CO,]<2.3 where [CO,] is the volume concentration of carbon dioxide.

[0018] The carbon nanostructure aggregate according to the disclosure is a carbon nanostructure aggregate com-
prising a plurality of carbon nanostructures, wherein an external specific surface area exceeds 1300 m2/g.

[0019] In the disclosure, graphene is preferably contained as the carbon nanostructures.

[0020] In the disclosure, graphene nanoribbons are preferably contained as the carbon nanostructures.

[0021] In the disclosure, carbon nanotubes are preferably contained as the carbon nanostructures.

[0022] In the disclosure, carbon purity by X-ray fluorometry is preferably 98% or more.

[0023] In the disclosure, a ratio of a G band peak intensity to a D band peak intensity (G/D ratio) in a Raman spectrum
is preferably 2 or more.

(Advantageous Effect)

[0024] According to the disclosure, a method for producing a carbon nanostructure aggregate having a large external
specific surface area and a carbon nanostructure aggregate can be provided.

BRIEF DESCRIPTION OF THE DRAWINGS
[0025] In the accompanying drawings:

FIG. 1 is a schematic diagram showing one example of a configuration of an apparatus for producing a carbon
nanostructure aggregate applicable to the disclosure;
FIG. 2 is a schematic diagram showing another example of a configuration of an apparatus for producing a carbon
nanostructure aggregate applicable to the disclosure;
FIG. 3 is a schematic diagram showing yet another example of a configuration of an apparatus for producing a
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carbon nanostructure aggregate applicable to the disclosure;

FIG. 4 is a graph showing one example of a t-plot of a carbon nanostructure aggregate;

FIG. 5A is a diagram showing one example of a TEM image of carbon nanotubes synthesized in Example 1-1;
FIG. 5B is a diagram showing one example of a TEM image of carbon nanotubes synthesized in Example 1-1;
FIG. 6A is one example of a TEM image of a carbon nanostructure aggregate synthesized in Example 3-1;

FIG. 6B is one example of a TEM image of a carbon nanostructure aggregate synthesized in Example 3-1;

FIG. 6C is one example of a TEM image of a carbon nanostructure aggregate synthesized in Example 3-1;

FIG. 7A is another example of a TEM image of a carbon nanostructure aggregate synthesized in Example 3-1; and
FIG. 7B is another example of a TEM image of a carbon nanostructure aggregate synthesized in Example 3-1.

DETAILED DESCRIPTION

[0026] Hereinafter, embodiments of the disclosure will be described in detail. In the disclosure, a source gas is supplied
to a substrate having a catalyst layer on the surface (hereinafter referred to as a "catalyst substrate"), and a carbon
nanostructure aggregate is grown on the catalyst layer by a CVD method. A large number of carbon nanostructure
aggregates are formed on the catalyst layer so as to be arranged (oriented) in a predetermined direction on the substrate.

<Substrate>

[0027] The substrate used in the catalyst substrate is a component that is, for example, in a flat plate form and is
preferably capable of maintaining the shape even at a high temperature of 500°C or more. Specific examples include
metals such as iron, nickel, chromium, molybdenum, tungsten, titanium, aluminum, manganese, cobalt, copper, silver,
gold, platinum, niobium, tantalum, lead, zinc, gallium, indium, germanium, and antimony, and alloys and oxides containing
these metals; or non-metals such as silicon, quartz, glass, mica, graphite, and diamond; and ceramics. Metal materials
are of lower cost and are more easily processed than silicon and ceramics, and are thus preferable. In particular, an Fe-
Cr (iron-chromium) alloy, an Fe-Ni (iron-nickel) alloy, an Fe-Cr-Ni (iron-chromium-nickel) alloy, and the like are suitable.
[0028] Examples of the form of the substrate include a flat plate, thin film, block, wire, mesh, or particle, fine particle,
and powder. In particular, a shape that provides a large surface area relative to the volume is advantageous when
producing the carbon nanostructure aggregate in large quantities. The thickness of the substrate in a flat plate form is
not particularly limited, and, for example, substrates from thin films having about several um to those having about
several cm can be used. The thickness of the substrate in a flat plate form is preferably 0.05 mm or more and 3 mm or less.

<Catalyst>

[0029] In the catalyst substrate, a catalyst layer is formed on a substrate (on a carburizing prevention layer when the
carburizing prevention layer is provided on the substrate). Any catalyst may be used as long as a carbon nanostructure
aggregate can be produced, and examples include iron, nickel, cobalt, molybdenum, and chlorides and alloys thereof.
A plurality of these may be complexed or layered, and such a complex or a laminate may be further complexed or layered
with aluminum, alumina, titania, titanium nitride, or silicon oxide. Examples include an iron-molybdenum thin film, an
alumina-iron thin film, an alumina-cobalt thin film, and an alumina-iron-molybdenum thin film, an aluminum-iron thin film,
and an aluminum-iron-molybdenum thin film. The amount of the catalyst present is in a range such that the carbon
nanostructure aggregate can be produced, and, for example, when iron is used, the thickness of the formed film is
preferably 0.1 nm or more and 100 nm or less, more preferably 0.5 nm or more and 5 nm or less, and particularly
preferably 0.8 nm or more and 2 nm or less.

[0030] Any of a wet process and a dry process (such as a sputtering evaporation method) may be applied to the
formation of the catalyst layer on the substrate surface. From the viewpoint of simplicity of a film forming apparatus (not
requiring a vacuum process), high throughput, low material cost, and the like, a wet process is preferably applied.

<Catalyst forming wet process>

[0031] Thewetprocess forforming the catalystlayerincludes the step of applying a coating agent obtained by dissolving
in an organic solvent a metal organic compound and/or a metal salt containing an element that serves as a catalyst to
a substrate. A stabilizer for suppressing an excessive condensation polymerization reaction of the metal organic com-
pound and the metal salt may be added to the coating agent.

[0032] In the application step, any method such as a method involving application by spraying, brush coating, or the
like; spin coating; and dip coating may be used. Dip coating is preferable from the viewpoint of productivity and film
thickness control.

[0033] Aheating stepis preferably carried out after the application step. Heating initiates hydrolysis and a condensation
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polymerization reaction of the metal organic compound and the metal salt, and a cured film containing a metal hydroxide
and/or a metal oxide is formed on the substrate surface. It is preferable to appropriately adjust the heating temperature
in the range of about 50°C or more and 400°C or less and the heating time in the range of 5 minutes or more and 3
hours or less depending on the type of a catalyst thin film to be formed.

[0034] For example, when forming an alumina-iron thin film as a catalyst, an iron thin film is formed after an alumina
film is formed.

[0035] Examples of the metal organic compound for forming an alumina thin film include aluminum alkoxides such as
aluminum trimethoxide, aluminum triethoxide, aluminum tri-n-propoxide, aluminum tri-i-propoxide, aluminum tri-n-bu-
toxide, aluminum tri-sec-butoxide, and aluminum tri-tert-butoxide. Other examples of aluminum-containing metal organic
compounds include complexes such as aluminum(lll) tris(acetylacetonato). Examples of the metal salt for forming an
alumina thin film include aluminum sulfate, aluminum chloride, aluminum nitrate, aluminum bromide, aluminum iodide,
aluminum lactate, basic aluminum chloride, and basic aluminum nitrate. Among these, aluminum alkoxide is preferably
used. These can each be used singly or as a mixture of two or more.

[0036] Examples of the metal organic compound for forming an iron thin film include iron pentacarbonyl, ferrocene,
iron(ll) acetylacetonate, iron(lll) acetylacetonate, iron(ll) trifluoroacetylacetonate, and iron(lll) trifluoroacetylacetonate.
Examples of the metal salt for forming an iron thin film include inorganic acid irons such as iron sulfate, iron nitrate, iron
phosphate, iron chloride, and iron bromide; organic acid irons such as iron acetate, iron oxalate, iron citrate, and iron
lactate. Among these, an organic acid iron is preferably used. These can each be used singly or as a mixture of two or more.
[0037] The stabilizer is preferably at least one selected from the group consisting of B-diketones and alkanolamines.
These compounds may be used singly, or two or more may be used as a mixture. B-Diketones include acetylacetone,
methyl acetoacetate, ethyl acetoacetate, benzoylacetone, dibenzoylmethane, benzoyltrifluoroacetone, furoylacetone,
and trifluoroacetylacetone, and, in particular, acetylacetone and ethyl acetoacetate are preferably used. Alkanolamines
include monoethanolamine, diethanolamine, triethanolamine, N-methyl diethanolamine, N-ethyl diethanolamine, N,N-
dimethylaminoethanol, diisopropanolamine, and triisopropanolamine, and are preferably secondary or tertiary al-
kanolamines.

[0038] As the organic solvent, various organic solvents can be used such as alcohol, glycol, ketone, ether, esters,
and hydrocarbons, and alcohol or glycol is preferably used due to good solubility of the metal organic compound and
the metal salt. These organic solvents may be used singly, or two or more may be used as a mixture. As the alcohol,
methanol, ethanol, isopropanol, and the like are preferable in terms of handleability and preservation stability.

[0039] The content of the metal organic compound and/or the metal salt in the coating agent is usually 0.05 mass%
or more and 0.5 mass% or less, and preferably 0.1 mass% or more and 0.5 mass% or less.

<Formation step>

[0040] In the production method of the disclosure, a formation step is preferably carried out before a growth step. The
formation step is the step of configuring the ambient environment of the catalyst to be a reducing gas environment and,
also, heating at least one of the catalyst and the reducing gas. This step provides at least one of the effects of reducing
the catalyst, promoting the reduction of the catalyst particle size as a state suitable for the growth of carbon nanostructures,
and improving catalyst activity. For example, when the catalyst is an alumina-iron thin film, the iron catalyst is reduced
and forms fine particles, and a large number of iron fine particles having a nanometer size are formed on the alumina
layer. Thereby, the catalyst becomes a suitable state for production of a carbon nanostructure aggregate. Although it is
possible to produce a carbon nanostructure aggregate without this step, the amount of the carbon nanostructure aggre-
gate produced and the quality can be dramatically improved by carrying out this step.

[0041] As the gas having reducing properties (a reducing gas), any gas capable of producing a carbon nanostructure
aggregate may be used, and, for example, hydrogen gas, ammonia, and water vapor, and a mixed gas thereof are
applicable. Also, a mixed gas obtained by mixing hydrogen gas with an inert gas such as helium gas, argon gas, and a
nitrogen gas may be used. In addition to the formation step, the reducing gas may be appropriately used in a growth step.

<Growth step>

[0042] The growth stepisthe step of configuring the ambient environment of the catalyst to be a source gas environment
and, also, heating at least one of the catalyst and the source gas to grow carbon nanostructures on the catalyst. From
the viewpoint of growing high-quality carbon nanostructures, at least the catalyst is preferably heated. The heating
temperature is preferably 400°C or more and 1100°C or less. The growth step is carried out by introducing an inert gas,
carbon monoxide and carbon dioxide as catalyst activating materials, and a source gas optionally containing a reducing
gas into a carbon nanostructure growth furnace accommodating the catalyst substrate.
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[Contact gas]

[0043] A gas X that is brought into contact with the catalyst in the growth step is one great feature of the disclosure.
The gas X contains various hydrocarbon gases resulting from decomposition of a source gas, the source gas reaching
the catalyst without being decomposed, an inert gas, catalyst activating materials including carbon monoxide gas and
carbon dioxide gas, and an optional reducing gas.

[0044] The gas X contains, as a hydrocarbon to serve as a carbon source, at least one of a hydrocarbon A having at
least one acetylene skeleton, a hydrocarbon B having at least one 1,3-butadiene skeleton, a hydrocarbon C having at
least one cyclopentadiene skeleton, and a hydrocarbon D having at least one allene skeleton; and carbon monoxide
and carbon dioxide. Here, when [C] is the total volume concentration (%) of carbon contained in the hydrocarbons A,
B, C, and D, and [CO] is the volume concentration (%) of carbon monoxide, the ratio [COJ/[C] of the volume concentration
[CO] of carbon monoxide to the total volume concentration [C] of carbon satisfies:

0.01<[COV/[CI<IS (i)

[0045] Thereby, a carbon nanostructure aggregate having a larger external specific surface area than when the gas
X contains either carbon dioxide or carbon monoxide can be produced.

[0046] The ratio [CO]/[C] of the volume concentration [CO] of carbon monoxide to the total volume concentration [C]
of carbon contained in the hydrocarbons A, B, C, and D preferably satisfies:

0.05<[COY/[C]IES.5 (i)

[0047] Thereby, a carbon nanostructure aggregate having an even larger external specific surface area can be pro-
duced. Also, [CO]J/[C] more preferably satisfies:

0.05<[COYV/[CI<1.1  (iii)

[0048] Thereby, a carbon nanostructure aggregate having a large external specific surface area can be produced in
a high yield.

[0049] In the disclosure, the volume concentration of carbon indicates the volume concentration of carbon atoms
contained in the gas, and is calculated by the following formula where, with regard to the respective hydrocarbon gas
species in the gas (i = 1, 2, and so on), the volume concentration (%) is D1, D2, and so on, and the number of carbon
atoms contained in one molecule is C1, C2, and so on:

(Carbon concentration) = ZDiCi

[0050] When the volume concentration (%) of carbon dioxide is [CO,], the ratio [CO]/[CO,] of the volume concentration
of carbon monoxide [CO] to the volume concentration of carbon dioxide [CO,] preferably satisfies:

0.01<[COJ/[CO,]L30  (iv)

[0051] Thereby, a carbon nanostructure aggregate having an external specific surface area exceeding 1000 m2/g can
be produced. Also, [CO]/[CO,] more preferably satisfies:

0.25<[COJ/[CO,]<6.7 (v)

[0052] Thereby, a carbon nanostructure aggregate having an external specific surface area exceeding 1000 m2/g can
be produced in a high yield.

[0053] Moreover, it is preferable that the ratio [CO]/[C] of the volume concentration [CO] of carbon monoxide to the
total volume concentration [C] of carbon satisfies:
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1.0<[COV/[CI<3.0  (vi)

and the ratio [COJ/[CO,] of the volume concentration of carbon monoxide [CQO] to the volume concentration of carbon
dioxide [CO,] satisfies:

1.0<[COY/[CO,]<2.3  (vii)

[0054] Thereby, a carbon nanostructure aggregate having an external specific surface area greater than 1300 m2/g
can be produced.

[0055] When the above formulae (vi) and (vii) are satisfied, the ratio [COJ/[C] of the volume concentration [CO] of
carbon monoxide to the total volume concentration [C] of carbon is preferably:

1.3<[COY/[C]<2.8  (viii)

[0056] Thereby, a carbon nanostructure aggregate having an external specific surface area exceeding the theoretical
value of a single-walled CNT (1315 m2/g) can be produced.

[0057] When the above formulae (vi) and (vii) are satisfied, the ratio [COJ/[CO,] of the volume concentration [CO] of
carbon monoxide to the volume concentration [CO,] of carbon dioxide is preferably:

1.1<[COJ/[CO,]<2.3  (ix)

[0058] Thereby, a carbon nanostructure aggregate having an external specific surface area exceeding the theoretical
value of a single-walled CNT (1315 m2/g) can be produced.

[0059] Herein, hydrocarbons having at least one acetylene skeleton may be referred to as "acetylenes", hydrocarbons
having at least one 1,3-butadiene skeleton may be referred to as "1,3-butadienes"”, hydrocarbons having at least one
cyclopentadiene skeleton may be referred to as "cyclopentadienes", and hydrocarbons having atleast one allene skeleton
may be referred to as "allenes".

[0060] Examples of the hydrocarbon A having at least one acetylene skeleton include at least one selected from the
group consisting of acetylene, methylacetylene (propyne), vinylacetylene, 1-butyne (ethylacetylene), 2-butyne, diacety-
lene, isopropylacetylene, isopropenylacetylene, 1-pentyne, 2-pentyne, isopentyne, cyclopropenylacetylene, methylvi-
nylacetylene, propenylacetylene, phenylacetylene, hexynes, and hexadiynes, and radicals thereof. Note that acetylene,
methylacetylene, vinylacetylene, 2-butyne, and phenylacetylene are preferable from the viewpoint of structural stability
at the growth temperature of the carbon nanostructures.

[0061] Examples of the hydrocarbon B having at least one 1,3-butadiene skeleton include at least one selected from
the group consisting of 1,3-butadiene, isoprene, c-piperylene, and t-piperylene, and radicals thereof. Note that 1,3-
butadiene is preferable from the viewpoint of production efficiency of the carbon nanostructure aggregate.

[0062] Examples of the hydrocarbon C having at least one cyclopentadiene skeleton include at least one selected
from the group consisting of cyclopentadiene, methylcyclopentadiene, dimethylcyclopentadiene, trimethylcyclopentadi-
ene, tetramethylcyclopentadiene, pentamethylcyclopentadiene, and ethylcyclopentadiene, indene, and radicals thereof.
Note that cyclopentadiene and methylcyclopentadiene are preferable from the viewpoint of structural stability at the
growth temperature of the carbon nanostructures.

[0063] Examples of the hydrocarbon D having at least one allene skeleton include at least one selected from the group
consisting of propadiene (allene),1,2-butadiene, and 2,3-pentadiene, and radicals thereof. Note that propadiene and
1,2-butadiene are preferable from the viewpoint of structural stability at the growth temperature of the carbon nanos-
tructures.

[0064] In the disclosure, the total volume concentration [A] of the hydrocarbon A in the gas X brought into contact with
the catalyst is preferably 0.01% or more. [A] is more preferably 0.05% or more and further preferably 0.1% or more. The
upper limit concentration of [A] tends to be proportional to the space density of the catalyst provided in a furnace, can
be increased to 88%, and when a flat plate is used as the catalyst substrate, is usually preferably 10% or less, more
preferably 5% or less, and further preferably 2% or less. An excessive concentration of the hydrocarbon A relative to
the catalyst density results in a large amount of carbon impurities produced, such as amorphous carbon, and such
impurities cannot be ignored depending on the application.

[0065] The total volume concentration [B] of the hydrocarbon B in the gas X is preferably 0.01% or more. [B] is more
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preferably 0.05% or more and further preferably 0.1% or more. The upper limit concentration of [B] tends to be proportional
to the space density of the catalyst provided in a furnace, can be increased to 90%, and when a flat plate is used as the
catalyst substrate, is usually preferably 10% or less, more preferably 5% or less, and further preferably 2% or less. An
excessive concentration of the hydrocarbon B relative to the catalyst density results in a large amount of carbon impurities
produced, such as amorphous carbon, and such impurities cannot be ignored depending on the application.

[0066] The total volume concentration [C] of the hydrocarbon C in the gas X is preferably 0.01% or more. [C] is more
preferably 0.05% or more and further preferably 0.1% or more. The upper limit concentration of [C] tends to be proportional
to the space density of the catalyst provided in a furnace, can be increased to 99%, and when a flat plate is used as the
catalyst substrate, is usually preferably 10% or less, more preferably 5% or less, and further preferably 2% or less. An
excessive concentration of the hydrocarbon C relative to the catalyst density results in a large amount of carbon impurities
produced, such as amorphous carbon, and such impurities cannot be ignored depending on the application.

[0067] The total volume concentration [D] of the hydrocarbon D in the gas X is preferably 0.01% or more. [D] is more
preferably 0.05% or more and further preferably 0.1% or more. The upper limit concentration of [D] tends to be proportional
to the space density of the catalyst provided in a furnace, can be increased to 99%, and when a flat plate is used as the
catalyst substrate, is usually preferably 10% or less, more preferably 5% or less, and further preferably 2% or less. An
excessive concentration of the hydrocarbon D relative to the catalyst density results in a large amount of carbon impurities
produced, such as amorphous carbon, and such impurities cannot be ignored depending on the application.

[0068] The volume concentration of carbon monoxide in the gas X is preferably 0.001% or more and less than 15%,
and more preferably 0.1% or more and 10.0% or less.

[0069] The volume concentration of carbon dioxide in the gas X is preferably 0.1% or more and less than 30%, more
preferably 0.2% or more and 20% or less, and further preferably 0.3% or more and 10% or less.

[0070] In the disclosure, identification of the contact gas and measurement of the volume concentration are carried
out by suction-sampling a predetermined amount of gas in the vicinity of the position where the substrate is provided
and analyzing the gas by gas chromatography (GC). In sampling, the gas is rapidly cooled in a short period of time to
a temperature (about 200°C) at which pyrolysis does not proceed and then immediately introduced into GC. Thereby,
it is possible to prevent a chemical change of the sample gas and accurately measure the composition of the gas in
contact with the catalyst.

[Source gas]

[0071] In order to configure the gas X to be as described above, the source gas preferably contains at least one of a
hydrocarbon A’ having at least one acetylene skeleton, a hydrocarbon B’ having at least one 1,3-butadiene skeleton, a
hydrocarbon C’ having at least one carbocycle having 5 carbon atoms, a hydrocarbon D’ having at least one allene
skeleton, and ethylene that produces by pyrolysis the hydrocarbons A to D in the carbon nanostructure growth temperature
range.

[0072] The hydrocarbon A’ is preferably at least one selected from the group consisting of acetylene, methylacetylene,
vinylacetylene, 1-butyne, 2-butyne, isopropylacetylene, and isopropenylacetylene. In the source gas, the total volume
concentration [A’] of the hydrocarbon A’ is preferably 0.1% or more, more preferably 0.2% or more, and further preferably
0.3% or more. The upper limit concentration of [A’] tends to be proportional to the space density of the catalyst provided
in a furnace, can be increased to 91%, and when a flat plate is used as the catalyst substrate, is usually preferably 10%
or less, more preferably 5% or less, and further preferably 2% or less. There is a tendency that when the concentration
of the hydrocarbon A’ is excessively low, the effects of the disclosure are unlikely to be obtained, and when excessively
high, carbon impurities such as amorphous carbon are produced, and such impurities cannot be ignored depending on
the application.

[0073] The hydrocarbon B’ is preferably at least one selected from the group consisting of 1,3-butadiene, isoprene,
c-piperylene, and t-piperylene. In the source gas, the total volume concentration [B’] of the hydrocarbon B’ is preferably
0.1% or more, more preferably 0.2% or more, and further preferably 0.3% or more. The upper limit concentration of [B’]
tends to be proportional to the space density of the catalyst provided in a furnace, can be increased to 90%, and when
a flat plate is used as the catalyst substrate, is usually preferably 10% or less, more preferably 5% or less, and further
preferably 2% or less. There is a tendency that when the concentration of the hydrocarbon B’ is excessively low, the
effects of the disclosure are unlikely to be obtained, and when excessively high, carbon impurities such as amorphous
carbon are produced, and such impurities cannot be ignored depending on the application.

[0074] Thehydrocarbon C’is preferably atleast one selected from the group consisting of cyclopentene, cyclopentane,
cyclopentadiene, dicyclopentadiene, norbornene, norbornadiene, methylcyclopentadiene, dimethylcyclopentadiene, tri-
methylcyclopentadiene, tetramethylcyclopentadiene, pentamethylcyclopentadiene, and ethylcyclopentadiene, indene,
and radicals thereof. Cyclopentene, dicyclopentadiene, norbornene, and norbornadiene are more preferable from the
viewpoint of structural stability at the growth temperature of the carbon nanostructures. In the source gas, the total
volume concentration [C’] of the hydrocarbon C’ is preferably 0.1% or more, more preferably 0.2% or more, and further
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preferably 0.3% or more. The upper limit concentration of [C’] tends to be proportional to the space density of the catalyst
provided in a furnace, can be increased to 99%, and when a flat plate is used as the catalyst substrate, is usually
preferably 10% or less, more preferably 5% or less, and further preferably 2% or less. There is a tendency that when
the concentration of the hydrocarbon C’ is excessively low, the effects of the disclosure are unlikely to be obtained, and
when excessively high, carbon impurities such as amorphous carbon are produced, and such impurities cannot be
ignored depending on the application.

[0075] The hydrocarbon D’ is preferably at least one selected from the group consisting of propadiene (allene), 1,2-
butadiene, 2,3-pentadiene, and radicals thereof. Propadiene and 1,2-butadiene are more preferable from the viewpoint
of structural stability at the growth temperature of the carbon nanostructures. In the source gas, the total volume con-
centration [D’] of the hydrocarbon D’ is preferably 0.1% or more, more preferably 0.2% or more, and further preferably
0.3% or more. The upper limit concentration of [D’] tends to be proportional to the space density of the catalyst provided
in a furnace, can be increased to 99%, and when a flat plate is used as a catalyst substrate, is usually preferably 10%
or less, more preferably 5% or less, and further preferably 2% or less. There is a tendency that when the concentration
of the hydrocarbon D’ is excessively low, the effects of the disclosure are unlikely to be obtained, and when excessively
high, carbon impurities such as amorphous carbon are produced, and such impurities cannot be ignored depending on
the application.

[0076] In the source gas, the total volume concentration of ethylene is preferably 0.1% or more, more preferably 0.2%
or more, and further preferably 0.3% or more. The upper limit concentration of ethylene tends to be proportional to the
space density of the catalyst provided in a furnace, can be increased to 99%, and when a flat plate is used as the catalyst
substrate, is usually preferably 20% or less, more preferably 10% or less, and further preferably 5% or less. There is a
tendency that when the concentration of ethylene is excessively low, the effects of the disclosure are unlikely to be
obtained, and when excessively high, carbon impurities such as amorphous carbon are produced, and such impurities
cannot be ignored depending on the application.

[0077] Inview ofthe suitable materials of the respective hydrocarbons A’,B’, C’, and D’ above, the source gas preferably
contains at least one of acetylene, ethylene, 1,3-butadiene, and cyclopentene.

[Inert gas]

[0078] The source gas is usually diluted with an inert gas. The inert gas is a gas that is inert at a temperature at which
the carbon nanostructures grow and that does not react with the growing carbon nanostructures, and is preferably a gas
that does not deteriorate the activity of the catalyst. Examples include rare gases such as helium, argon, neon, and
krypton, nitrogen, hydrogen, and mixed gases thereof. It is also possible to obtain an effect comparable to inert gas
dilution without using an inert gas by reducing the pressure inside the entire furnace to reduce the partial pressures of
various gas concentrations.

[Catalyst activating material]

[0079] As described above, in the disclosure, the gas X brought into contact with the catalyst in the growth step of the
carbon nanostructures contains carbon monoxide and carbon dioxide as catalyst activating materials. Due to the catalyst
activating materials, the production efficiency and the purity of the carbon nanostructures can be even more improved.
From the viewpoint of growth condition controllability, it is most preferable to directly add carbon monoxide and carbon
dioxide to the source gas, while carbon monoxide and carbon dioxide may be caused to be contained in the contact gas
X by adding a different catalyst activating material to the source gas and then subjecting it to pyrolysis in a growth
furnace. The different catalyst activating material is generally a substance containing oxygen, and is preferably a sub-
stance that undergoes pyrolysis to form carbon monoxide and/or carbon dioxide at the growth temperature. For example,
oxygen, ozone, and oxygen-containing compounds in which the number of carbon atoms is small, such as acidic gas;
alcohols such as ethanol and methanol; ethers such as tetrahydrofuran; ketones such as acetone; aldehydes; esters;
and mixtures thereof can be added.

[0080] It is known that the partial pressures of components involved in a reaction (volume fractions X total pressure)
generally affects the reaction rate in a CVD method. On the other hand, the total pressure does not directly affect the
reaction rate, and can be changed over a broad range. Thus, it is accurate to use the partial pressure as a unit for
defining a gas component concentration in CVD conditions, while in the disclosure the gas component concentrations
of the source gas and the contact gas are described as volume fractions on the premise that the total pressure inside
a growth furnace is 1 atm. Thus, when applying the disclosure to a case where the total pressure inside a growth furnace
is not 1 atm, the volume fractions corrected so as to be able to indicate, in that environment, partial pressures corre-
sponding to the partial pressures that are based on the above premise must be used as the gas component concentrations
of the source gas and the contact gas. Such a correction in the case where the total pressure inside a growth furnace
is not 1 atm is obvious to those skilled in the art, and thus such a case is also encompassed within the scope of the
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disclosure.
Other conditions

[0081] The pressure inside a reaction furnace and the treatment time in the growth step may be appropriately set in
consideration of other conditions, and, for example, the pressure can be 102 Pa or more and 107 Pa or less, and the
treatment time can be about 0.1 minutes or more and 120 minutes or less. The flow rate of the source gas introduced
into a furnace can be appropriately set in reference to, for example, the Examples described below.

<Cooling step>

[0082] The cooling step is the step of cooling the carbon nanostructure aggregate, the catalyst, and the substrate in
a cooling gas after the growth step. The carbon nanostructure aggregate, the catalyst, and the substrate after the growth
step are in a high temperature state, and thus possibly oxidized when placed in an environment where oxygen is present.
To prevent it, the carbon nanostructure aggregate, the catalyst, and the substrate are cooled to, for example, 400°C or
less and more preferably 200°C or less in a cooling gas environment. As the cooling gas, an inert gas is preferable, and,
in particular, nitrogen is preferable in terms of safety, cost, and the like.

<Production apparatus>

[0083] The production apparatus used in the method for producing a carbon nanostructure aggregate described above
is not particularly limited as long as it includes a growth furnace (a reaction chamber) for receiving the catalyst substrate
and can grow carbon nanostructures by a CVD method, and apparatuses such as a thermal CVD furnace and an MOCVD
reaction furnace can be used. From the viewpoint of enhancing the production efficiency of the carbon nanostructure
aggregate, it is preferable to supply the reducing gas and the source gas to the catalyst on the catalyst substrate by gas
shower. Below, an example of an apparatus equipped with a shower head capable of spraying a gas stream substantially
perpendicular to the catalyst substrate is described as well.

[One example of batch-type production apparatus]

[0084] FIG. 1 schematically shows a production apparatus 100 used in the method for producing a carbon nanostructure
aggregate described above. This apparatus 100 includes a reaction furnace 102 made of quartz for receiving a substrate
that supports a catalyst, a heater 104 provided to surround the reaction furnace 102 and composed of, for example, a
resistance heating coil, a gas supply port 106 connected to one end of the reaction furnace 102 to supply the reducing
gas and the source gas, a discharge port 108 connected to the other end of the reaction furnace 102, and a holder 110
made of quartz for securing the substrate. Although not shown, a control device including a flow rate control valve, a
pressure control valve, and the like is further provided in a suitable place to control the flow rates of the reducing gas
and the source gas.

[Another example of batch-type production apparatus]

[0085] FIG. 2 schematically shows another production apparatus 200 used in the method for producing a carbon
nanostructure aggregate. This apparatus 200 has the same configuration as the apparatus shown in FIG. 1 except that
a shower head 112 for spraying the reducing gas, the source gas, the catalyst activating materials, and the like is used.
[0086] The shower head 112 is disposed such that the axis of spraying of each spray hole is oriented substantially
perpendicular to the catalyst film forming surface of the substrate. That is, the direction of a gas stream sprayed from
the spray holes provided in the shower head is substantially perpendicular to the substrate.

[0087] The use of the shower head 112 to spray the reducing gas enables the reducing gas to be uniformly spread
over the substrate and thus enables the catalyst to be efficiently reduced. As a result, the uniformity of a carbon nanos-
tructure aggregate grown on the substrate can be increased, and also the consumption of the reducing gas can be
reduced as well. The use of such a shower head to spray the source gas enables the source gas to be uniformly spread
over the substrate and thus enables the source gas to be efficiently consumed. As a result, the uniformity of a carbon
nanostructure aggregate grown on the substrate can be increased, and also the consumption of the source gas can be
reduced as well. The use of such a shower head to spray the catalyst activating materials enables the catalyst activating
materials to be uniformly spread over the substrate, thus the activity of the catalyst is increased, and its service life is
extended. Accordingly, the carbon nanostructures can be continuously grown for a long period of time.
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[One example of continuous production apparatus]

[0088] FIG. 3 schematically shows yet another production apparatus 300 used in the method for producing a carbon
nanostructure aggregate. As shown in FIG. 3, the production apparatus 300 has an inlet purge section 1, a formation
unit 2, a growth unit 3, a cooling unit 4, an outlet purge section 5, a conveying unit 6, connecting sections 7, 8, 9, and a
gas mixing preventing means 11, 12, 13.

[Inlet purge section 1]

[0089] The inlet purge section 1 is a set of devices for preventing outside air from entering a furnace through an inlet
for the catalyst substrate 10. It has a function to purge the surrounding environment of the catalyst substrate 10 conveyed
to the inside of the production apparatus 300 with an inert purge gas such as nitrogen. Specifically, it has a chamber for
retaining the purge gas, a spraying section for spraying the purge gas, and the like.

[Formation unit 2]

[0090] The formation unit 2 is a set of devices for achieving the formation step. Specifically, it has a formation furnace
2A for retaining the reducing gas, a reducing gas spraying section 2B for spraying the reducing gas, a heater 2C for
heating at least one of the catalyst and the reducing gas, and the like.

[Growth unit 3]

[0091] The growth unit 3 is a set of devices for achieving the growth step. Specifically, it includes a growth furnace
3A, a source gas spraying section 3B for spraying the source gas onto the catalyst substrate 10, and a heater 3C for
heating atleast one of the catalyst and the source gas. A discharge port 3D is provided in the upper part of the growth unit 3.

[Cooling unit 4]

[0092] The cooling unit4 is a set of devices for achieving the cooling step of cooling the catalyst substrate 10 on which
a carbon nanostructure aggregate has been grown. Specifically, it has a cooling furnace 4A for retaining the cooling gas
and, in the case of a water-cooled type, a water-cooled cooling pipe 4C disposed so as to surround the space inside
the cooling furnace or, in the case of an air-cooled type, a cooling gas spraying section 4B for spraying a cooling gas
inside the cooling furnace.

[Outlet purge section 5]

[0093] The outlet purge section 5 is a set of devices for preventing outside air from entering the furnace through the
outlet for the catalyst substrate 10. It has a function to configure the surrounding environment of the catalyst substrate
10 to be an inert purge gas environment such as nitrogen. Specifically, it has a chamber for retaining the purge gas, a
spraying section for spraying the purge gas, and the like.

[Conveying unit 6]

[0094] The conveying unit6 is a set of devices for conveying the catalyst substrate 10 into the furnaces of the production
apparatus. Specifically, it has a mesh belt 6A as in a belt conveyor system, a belt-drive section 6B where an electric
motor equipped with reduction gears is used, and the like.

[Connecting sections 7, 8, 9]

[0095] The connecting sections 7, 8, 9 are a set of devices spatially connecting the space inside the furnace of each
unit. Specifically, examples include a furnace or a chamber that is capable of blocking the surrounding environment of
the catalyst substrate 10 from outside air and allowing the catalyst substrate 10 to be passed from a unit to a unit.
[Gas mixing preventing means 11, 12, 13]

[0096] The gas mixing preventing means 11, 12, 13 are a set of devices for preventing gases from mutually entering

the adjacent furnaces (the formation furnace 2A, the growth furnace 3A, the cooling furnace 4A) inside the production
apparatus 100, and are provided in the connecting sections 7, 8, 9. The gas mixing preventing means 11, 12, 13 have
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seal gas spraying sections 11B, 12B, 13B for spraying a seal gas such as nitrogen along the apertures of the inlets and
the outlets of the furnaces for the catalyst substrate 10, and discharge sections 11A, 12A, 13A for mainly discharging
the sprayed seal gas to the outside, respectively.

[0097] The catalyst substrate 10 placed on the mesh belt 6A is conveyed through the apparatus inlet into the furnace
of the inlet purge section 1, subsequently, treated in each furnace, and then conveyed to the outside of the apparatus
through the apparatus outlet from the outlet purge section 5.

(Carbon nanostructure aggregate)

[0098] According to the production method of the disclosure, a carbon nanostructure aggregate can be produced that
has alarge external specific surface area, specifically an external specific surface area exceeding 900 m2/g. Accordingly,
excellent material and energy storage characteristics, separation characteristics, electrode characteristics, catalyst sup-
porting characteristics, and the like are exerted. A carbon nanostructure aggregate produced under suitable production
conditions has an external specific surface area exceeding 1000 m2/g.

<Carbon nanostructure>

[0099] Carbon nanostructures constituting the carbon nanostructure aggregate according to the disclosure is a nano-
sized material composed of carbon atoms, and a specific material is not particularly limited. Examples are a carbon
nanocoil in a coiled form, a CNT in a tubular form, a graphene nanoribbon in which a CNT is partially open, a CNT
twisted in the extending direction, a zigzag CNT extending in a zigzag manner in the extending direction, a bead-
supporting CNT in which beads are formed on a CNT, a carbon nanobrush having a large number of CNT bristles, a
fullerene in a spherical shellform, graphene, a diamond-like carbon thin film, a coil twist, and the like. Carbon nanostructure
aggregates of these can be grown on the catalyst surface according to a CVD method by appropriately setting the
production conditions with reference to known documents. Examples of the known documents include JP2009-127059A
(diamond-like carbon), JP2013-86993A (graphene), JP2001-192204A (coil twist), and JP2003-277029A (fullerene).
[0100] In the disclosure, among the above carbon nanostructures, graphene is preferably contained. Graphene has
an external specific surface area of about 2630 m2/g, which is far greater than the theoretical value of a single-walled
CNT. However, when a large number of graphene sheets are gathered, graphene aggregates, and the external specific
surface area of a graphene aggregate does not exceed 1000 m2/g. However, when graphene is contained as a part of
the carbon nanostructures constituting the carbon nanostructure aggregate of the disclosure, graphene contributes to
an increase of the external specific surface area of the aggregate as a whole and is thus preferable.

[0101] In the disclosure, graphene nanoribbons are preferably contained as carbon nanostructures. As shown in the
Examples described below, it was found that in the carbon nanostructure aggregate of the disclosure, some CNTs as
carbon nanostructures are at least partially open and are thus in a ribbon form. In the disclosure, such CNTs that are at
least partially open and are in a ribbon form are referred to as "graphene nanoribbons". CNTs that are at least partially
open and are in a ribbon form contribute to an increase of the external specific surface area of the carbon nanostructure
aggregate as a whole and are thus preferable.

[0102] Moreover, in the disclosure, CNTs are preferably contained as carbon nanostructures. As described above,
the theoretical value of the external specific surface area of a CNT is 1315 m2/g, and, for example, in the single-walled
CNT described in NPL 1, an external specific surface area of 1300 m2/g, which is close to the theoretical value, is
achieved. As described above, a method of mass-producing high-quality CNTs is being established by a super growth
method, so CNTs contained as primary carbon nanostructures in a carbon nanostructure aggregate enable the external
specific surface area of the aggregate as a whole to be increased, and are thus preferable.

<Properties of carbon nanostructure aggregate>

[0103] The carbon nanostructure aggregate according to the disclosure has properties described in detail below when
the aggregate is evaluated as a whole.

[External specific surface area]

[0104] Herein, the "external specific surface area" is determined from a "t-plot" obtained by converting a relative
pressure into the average thickness t (nm) of a nitrogen gas adsorption layer in an adsorption isotherm of the carbon
nanostructure aggregate measured by a nitrogen gas adsorption method (the t-plot method by de Boer et al.).

[0105] FIG. 4 shows a graph indicating one example of a t-plot of the carbon nanostructure aggregate. In the t-plot
shown in FIG. 4, the gradient of the approximate line in process (3) represents an external specific surface area S3.
Thus, in order to determine the external specific surface area of the carbon nanostructure aggregate, a t-plot is prepared,
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and the gradient of the approximate line in the process (3) is determined. The gradient of the approximate line in process
(1) represents a total specific surface area S1 of the carbon nanostructure aggregate, and an internal specific surface
area S2 can be calculated by subtracting the external specific surface area S3 from the total specific surface area S1.
[0106] In the disclosure, in terms of storage characteristics for materials, energy, and the like, catalyst supporting
capability, and the like, the external specific surface area is preferably 1000 m2/g or more, more preferably 1315 m2/g
or more, further preferably 1400 m2/g or more, particularly preferably 1500 m2/g or more, and most preferably 1600 m2/g
or more.

[0107] The total specific surface area is preferably 1250 m2/g or more, more preferably 1330 m2/g or more, and
particularly preferably 1430 m2/g or more. Moreover, the internal specific surface area is preferably 30 m2/g or more.

[Carbon concentration]

[0108] As for the carbon concentration of the carbon nanostructure aggregate, the purity thereof is usually 98 mass%
or more, preferably 99 mass% or more, and more preferably 99.9 mass% or more even without purification treatment.
When no purification treatment is carried out, the carbon purity immediately after synthesis is the purity of the carbon
nanostructure aggregate. Purification treatment may be carried out as desired. Here, when the carbon nanostructures
are CNTs, impurities are barely contained, and various characteristics intrinsic to CNTs can be sufficiently exerted. Purity
can be determined by elemental analysis using fluorescent X-rays.

[G/D ratio]

[0109] In the carbon nanostructure aggregate according to the disclosure, the ratio (G/D ratio) of the G band peak
intensity to the D band peak intensity in a Raman spectrum is preferably 2 or more, and more preferably 4 or more. The
G/Dratio is an index commonly used to evaluate the quality of a CNT. In the Raman spectrum of the carbon nanostructure
aggregate measured by a Raman spectrometer, vibrational modes referred to as a G band (in the vicinity of 1600 cm-1)
and a D band (in the vicinity of 1350 cm-') are observed. The G band is a vibrational mode derived from the hexagonal
lattice structure of graphite, which is the cylindrical surface of a CNT, and the D band is a vibrational mode derived from
a non-crystalline part. Thus, a CNT having a higher peak intensity ratio (G/D ratio) of the G band to the D band can be
evaluated as being highly crystalline. The upper limit of the G/D ratio can be 50 or less. Those having a G/D ratio
exceeding 50 have high linearity and form a large bundle, and the specific surface area is decreased. More preferably,
the G/D ratio is 10 or less.

[Yield]

[0110] The yield of the carbon nanostructure aggregate according to the production method of the disclosure is pref-
erably 1.0 mg/cm2 or more, and more preferably 2.0 mg/cm2 or more. In the disclosure, the yield is calculated by the
following formula:

(Yield) = (Difference between substrate weights before and after
carbon nanostructure aggregate production) / (Catalyst supporting area of

substrate)

[0111] The properties of the carbon nanostructure aggregate described above can be controlled by adjusting the state
of the catalyst layer of the catalyst substrate used in the preparation of the carbon nanostructure aggregate (e.g., how
fine the catalyst particles are) and synthesis conditions of the carbon nanostructure aggregate (e.g., the composition of
the mixed gas).

[0112] When the carbon nanostructures constituting the carbon nanostructure aggregate according to the disclosure
are CNTs, CNTs are directly formed by the production method of the disclosure such that a large number of CNTs are
arranged (oriented) in a direction substantially perpendicular to the substrate. In the disclosure, this is referred to as a
"CNT-oriented aggregate". By peeling the aggregate off the catalyst substrate by, for example, a physical, chemical, or
mechanical peeling method, specifically by a method involving peeling the aggregate using an electric field, a magnetic
field, centrifugal force, or surface tension, a method involving directly scraping away the aggregate in a mechanical
manner using tweezers or a cutter blade, or a method involving peeling the aggregate by pressure such as suction with
a vacuum pump or by heat, CNTs in a bulk state or CNTs in a powdery state can be obtained.

[0113] CNTs may be single-walled carbon nanotubes or may be multi-walled carbon nanotubes, and according to the
production method of the disclosure, single-walled carbon nanotubes can be more suitably produced. Not being limited
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to CNTs linearly extending in the extending direction, the CNTs may be CNTs twisted in the extending direction, zigzag
CNTs extending in a zigzag manner in the extending direction, and bead-supporting CNTs in which beads are formed
on CNTs. Twisted CNTs and zigzag CNTSs contribute to an increase of the external specific surface area and are thus
preferable.

[0114] The average diameter (Av) of CNTs is preferably 0.5 nm or more and more preferably 1 nm or more, and is
preferably 15 nm or less and more preferably 10 nm or less. The average diameter (Av) of carbon nanotubes is usually
determined by measuring 100 carbon nanotubes using a transmission electron microscope.

[0115] As forthe CNT-oriented aggregate, the weight density is preferably 0.002 g/cm3 or more and 0.2 g/cm3 or less.
When the weight density is 0.2 g/cm3 or less, bonding between CNTs constituting the CNT-oriented aggregate is weak,
and therefore the CNTs can be easily dispersed in a homogeneous manner when the CNT-oriented aggregate is stirred
in a solvent or the like. When the weight density is 0.002 g/cm3 or more, the CNT-oriented aggregate has an improved
integrity, can be suppressed from disintegration, and therefore is easily handled.

[0116] The CNT-oriented aggregate preferably has a high orientation. Whether the CNT-oriented aggregate has a
high orientation or not can be assessed by at least any one of 1. to 3. below.

1. When X-rays are emitted in a first direction parallel to the longitudinal direction of a CNT and a second direction
perpendicular to the first direction to measure X-ray diffraction intensity (the 6-26 method), there are a 6 angle and
a reflection direction at which the reflection intensity from the second direction is greater than the reflection intensity
from the first direction, and there are a 6 angle and a reflection direction at which the reflection intensity from the
first direction is greater than the reflection intensity from the second direction.

2. When X-ray diffraction intensity is measured by a two-dimensional diffraction pattern image obtained by emitting
X-rays in a direction perpendicular to the longitudinal direction of a CNT (the Laue method), a diffraction peak pattern
that indicates the presence of anisotropy appears.

3. The Hermann'’s orientation factor is greater than 0 and smaller than 1 and more preferably 0.25 or more and 1
or less when the X-ray diffraction intensity obtained by the 8-26 method or the Laue method is used.

[0117] The height (Ilength) of the CNT-oriented aggregate is preferably in the range of 10 wm or more and 10 cm or
less. When the height is 10 wm or more, the orientation is improved. When the height is 10 cm or less, production can
be carried out in a short period of time, thus attachment of carbon-based impurities can be suppressed, and the specific
surface area can be improved.

EXAMPLES

[0118] The disclosure will now be specifically described below by way of Examples, but the disclosure is not limited
to these Examples.

<Preparation of catalyst substrate>
[Substrate]

[0119] A flat plate of Fe-Cr alloy SUS 430 (manufactured by JFE Steel Corporation, Cr: 18 mass%) having a length
of 500 mm, a width of 500 mm, and a thickness of 0.6 mm was provided. When the surface roughness of multiple portions
was measured using a laser microscope, the arithmetic average roughness Ra was ~ 0.063 pum.

[Formation of catalyst]

[0120] A catalyst was formed on the above substrate by the following method. First, 1.9 g of aluminum tri-sec-butoxide
was dissolved in 100 mL (78 g) of 2-propanol, 0.9 g of triisopropanolamine as a stabilizer was added and dissolved, and
thereby a coating agent for alumina film formation was prepared. Then, the above-described coating agent for alumina
film formation was applied by dip coating on the substrate in an environment having a room temperature of 25°C and a
relative humidity of 50%. As for the application conditions, the substrate was immersed, then retained for 20 seconds,
drawn up at a drawing rate of 10 mm/sec, and then dried by air for 5 minutes. Next, the substrate was heated in an air
environment at 300°C for 30 minutes and then cooled to room temperature. Thereby, an alumina film having a film
thickness of 40 nm was formed on the substrate.

[0121] Subsequently, 174 mg of iron acetate was dissolved in 100 mL of 2-propanol, 190 mg of triisopropanolamine
as a stabilizer was added and dissolved, and thereby an iron film coating agent was prepared. Then, the iron film coating
agent was applied by dip coating on the above-described substrate furnished with an alumina film in an environment
having a room temperature of 25°C and a relative humidity of 50%. As for the application conditions, the substrate was
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immersed, then retained for 20 seconds, drawn up at a drawing rate of 3 mm/sec, and then dried by air for 5 minutes.
Next, the substrate was heated in an air environment at 100°C for 30 minutes and then cooled to room temperature.
Thereby, a catalyst forming film having a thickness of 3 nm was formed.

<Production of carbon nanostructure aggregate>
(Comparative Examples 1-1 and 1-2)

[0122] A formation step and a growth step were sequentially carried out in a batch-type synthesis furnace shown in
FIG. 1 to produce a CNT-oriented aggregate. CNTs were produced on the substrate surface by successively carrying
out the formation step and the growth step using a catalyst substrate obtained by cutting the above-described catalyst
substrate to have a size of 40 mm in length X 40 mm in width. Table 1 shows the gas flow rate, gas composition, heater
temperature, and treatment time in each step.

[Table 1]
" o
Gas flow Composition of source gas [vol%)] Temperature | Treatment
Step rate °C i .
(sccm] | C2Hz | CO | CO, | Hy N, (°C) ime [min]
Comparative
Example 1-1
Formation 3000 - - - 100 - 750 23
Comparative
Example 1-2
Comparative i 20
Example 1-1
Growth 2000 1.0 1.0 Balance 760 10
Comparative 20 i
Example 1-2 ’

[0123] The heating time of the source gas was adjusted by changing the position where the catalyst substrate was
provided to determine a substrate position that resulted in the best balance between the yield and the specific surface
area of the CNTs produced. To verify the concentrations of carbon monoxide and carbon dioxide contained in the gas
brought into contact with the catalyst in the position where the substrate was to be provided, the growth step was carried
out without providing the catalyst substrate, and a gas analysis was carried out by suction-sampling about 200 sccm of
gas in the vicinity of the position where the substrate was to be provided. Table 2 shows the results of gas analysis
under respective conditions and the results of evaluating the characteristics of the CNTs produced.
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[0124] The "heating time of source gas" is an approximate average time from when the source gas enters the heating
area in the furnace until it reaches the catalyst substrate, and can be determined by the following equation:

Source gas heating time [min] = (Heating area volume [mL]
upstream of substrate) / {(Gas flow rate [sccm]) x (Furnace temperature
[KD) x 1/(273 [KD}

[0125] In Table 2, C,H, means acetylene, pCsH, means methylacetylene [propyne], VA means vinylacetylene,13BD
means 1,3-butadiene, CPD means cyclopentadiene, and aC3;H, means propadiene (allene). The same applies to the
tables below. Other than the components in Table 2, acetylenes such as diacetylene and phenylacetylene were detected
each in a trace amount (10 ppm or less).

[0126] Asisclearfrom Table 2, it was not possible to produce CNTs having an external specific surface area exceeding
900 m2/g in any of the cases where carbon dioxide was used solely as a catalyst activating material (Comparative
Example 1-1) and where carbon monoxide was used solely as a catalyst activating material (Comparative Example 1-2).

(Examples 1-1 to 1-5)
[0127] CNT-oriented aggregates were produced by using the same catalyst and production apparatus as in Compar-

ative Examples 1-1 and 1-2 and changing the source gas composition in the growth step as shown in Table 3. Conditions
not described in the following tables are the same as those in Comparative Examples 1-1 and 1-2.

[Table 3]
Step Gas flow rate Composition of source gas [vol%)] Temperature | Treatment
[sccm] C,H, | co | co, H, N, (°C) time [min]
Example
w 0.1
Example
1o 0.5
Growth Exﬁgp'e 2000 10 | 15| 20 | 1.0 | Balance 760 10
Example
" 5.0
Example
8 8.0

[0128] The heating time of the source gas was adjusted by changing the position where the catalyst substrate was
provided to determine a substrate position that resulted in the best balance between the yield and the specific surface
area of the CNTs produced. To verify the concentrations of carbon monoxide and carbon dioxide contained in the gas
brought into contact with the catalyst in the position where the substrate was to be provided, the growth step was carried
out without providing the catalyst substrate, and a gas analysis was carried out by suction-sampling about 200 sccm of
gas in the vicinity of the position where the substrate was to be provided. Table 4 shows the results of gas analysis
under respective conditions and the results of evaluating the characteristics of the CNTs produced.
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[0129] It can be understood from Table 4 that the carbon nanostructure aggregates of all Examples satisfying
0.05<[COJ/[C]<5.5 achieve an external specific surface area exceeding 1000 m2/g as aggregates as a whole. Also, it
can be understood that the CNTs of Example 1-1 to Example 1-3 satisfying 0.05<[CO]/[C]<5.5 achieve a high yield in
addition to an external specific surface area exceeding 1000 m2/g.

[0130] FIG. 5 shows images of the CNTs of Example 1-1 by a transmission electron microscope (TEM). It can be
understood from FIG. 5 that the CNTs of Example 1-1 include CNTs having a zigzag structure.

(Examples 2-1 to 2-4)
[0131] CNT-oriented aggregates were produced by using the same catalyst and production apparatus as in Compar-

ative Examples 1-1 and 1-2 and changing the source gas composition in the growth step as shown in Table 5. Conditions
not described in the following tables are the same as those in Comparative Examples 1-1 and 1-2.

[Table 5]
Step Gas flow rate Composition of source gas [vol%)] Temperature | Treatment
[sccm] C,H, | co | co, H, N, (°C) time [min]
Example
-1 0.5
Engple 10
Growth 2000 1.0 2.0 1.0 Balance 760 10
Example 40
2-3 ’
Example
o4 8.0
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[0132] The heating time of the source gas was adjusted by changing the position where the catalyst substrate was
provided to determine a substrate position that resulted in the best balance between the yield and the specific surface
area of the CNT-oriented aggregates produced. To verify the concentrations of carbon monoxide and carbon dioxide
contained in the gas brought into contact with the catalyst in the position where the substrate was to be provided, the
growth step was carried out without providing the catalyst substrate, and a gas analysis was carried out by suction-
sampling about 200 sccm of gas in the vicinity of the position where the substrate was to be provided. Table 6 shows
the results of gas analysis under respective conditions and the results of evaluating the characteristics of the CNTs
produced.

[0133] It can be understood from Table 6 that in the range of 0.25<[COJ/[CO,]<6.7, CNT-oriented aggregates having
an external specific surface area exceeding 1000 m2/g are obtained in a high yield.

(Examples 3-1 and 3-2)

[0134] A formation step and a growth step were sequentially carried out in a batch-type synthesis furnace shown in
FIG. 1 to produce a carbon nanostructure aggregate. A carbon nanostructure aggregate was produced on the substrate
surface by successively carrying out the formation step and the growth step using a catalyst substrate obtained by cutting
the above-described catalyst substrate to have a size of 40 mm in length X 40 mm in width. Table 7 shows the gas flow
rate, gas composition, heater temperature, and treatment time in each step.

[Table 7]
Step Gas flow rate Composition of source gas Temperature | Treatment
[sccm] C,H, | co | co, H, N, (°C) time [min]
Example
3-1
Formation 3000 - - - 100 - 750 23
Example
3-2
Ex:a)::ple 20
Growth 2000 1.0 2.0 1.0 Balance 760 10
Example 40
3-2 ’

[0135] The heating time of the source gas was adjusted by changing the position where the catalyst substrate was
provided to determine a substrate position that resulted in the best balance between the yield and the specific surface
area of the carbon nanostructure aggregate produced. To verify the concentrations of carbon monoxide and carbon
dioxide contained in the gas brought into contact with the catalyst in the position where the substrate was to be provided,
the growth step was carried out without providing the catalyst substrate, and a gas analysis was carried out by suction-
sampling about 200 sccm of gas in the vicinity of the position where the substrate was to be provided. Table 8 shows
the results of gas analysis under respective conditions and the results of evaluating the characteristics of the carbon
nanostructure aggregate produced.

21



EP 3 438 046 A1

. . . . . . . N . y b o TE
66 LTiT sy SL91 g€ 0T 87T Iz £000°0 710070 01000 00C0°QIST00°01E66L°0,.8990°T ! £TOL™Y srdwexg| @
N
66 €TLL 99¢ LS¥l 8¢ T A" ¥l £000°0 110070 116070 97E0°0LS100°0|8VIR 0 9CTIIT | 65LC°T ojduwexy =
{euIan] "HED®R ado agel YA L PHEDA] CHED
m@ﬁaw + [BUI9IXY | [BUIRIU] | [RUISIXY [waSw]| a 5 . 00 0o .
Aund |y o] lfoollooli blilool] . V u0qiesolpiy b
ig1ol DIRIA HoqlesoIpAY (U0qiesolpAH| uoqieoolpil S
uogie))
eaie aovjins o1j10adg sed joeuoo Jo uonsodmo))
[8 219®L]
o S o S 8 8 8 S 3 8 8

22



10

15

20

25

30

35

40

45

50

55

EP 3 438 046 A1

[0136] It can be understood from Table 8 that the carbon nanostructure aggregates of all Examples satisfying
1.0<[COJ/[C]<3.0 and 1.0<[COJ/[CO,]<2.3 achieve an external specific surface area exceeding 1300 m2/g as aggregates
as a whole. The carbon nanostructure aggregates of Example 3-1 and Example 3-2 were produced so as to satisfy
1.3<[COJ/[C]<2.8, 2.3%=<[CO]<4.8%, and 1.1<[COJ/[CO,]<2.3, and it can be understood that the external specific surface
areas of these carbon nanostructure aggregates achieve external specific surface areas greatly exceeding 1315 m2/g,
which is the theoretical value of a single-walled CNT.

[0137] FIG. 6 and FIG. 7 show images of the carbon nanostructure aggregate of Example 3-1 by a transmission
electron microscope (TEM). It can be understood from FIG. 6 that single-walled graphene nanoribbons and single-walled
carbon nanotubes are concomitantly present as carbon nanostructures in the carbon nanostructure aggregate of Example
3-1. Also, it can be understood from FIG. 7 that single-walled graphene nanoribbons or single-walled carbon nanotubes
having a twisted structure are concomitantly present as carbon nanostructures in the carbon nanostructure aggregate
of Example 3-1.

(Example 4-1)
[0138] A carbon nanostructure aggregate was produced by using the same catalyst and production apparatus as in

Examples 3-1 and 3-2 and changing the source gas composition in the growth step as shown in Table 9. Conditions not
described in the following tables are the same as those in Examples 3-1 and 3-2.

[Table 9]
Step Gas flow rate Composition of source gas Temperature | Treatment
[sccm] C,H, | co | co, H, N, (°C) time [min]
Growth Exjﬂp'e 2000 1.0 | 20 | 20 | 0.0 | Balance 760 10
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[0139] The heating time of the source gas was adjusted by changing the position where the catalyst substrate was
provided to determine a substrate position that resulted in the best balance between the yield and the specific surface
area of the carbon nanostructure aggregate produced. To verify the concentrations of carbon monoxide and carbon
dioxide contained in the gas brought into contact with the catalyst in the position where the substrate was to be provided,
the growth step was carried out without providing the catalyst substrate, and a gas analysis was carried out by suction-
sampling about 200 sccm of gas in the vicinity of the position where the substrate was to be provided. Table 10 shows
the results of gas analysis under respective conditions and the results of evaluating the characteristics of the carbon
nanostructure aggregate produced.

[0140] It can be understood from Table 10 that when hydrogen is not used as a reducing gas as well, a carbon
nanostructure aggregate having an external specific surface area exceeding 1300 m2/g is obtained as long as
1.0<[COJ/[C]<3.0 and 1.0<[COJ/[CO,]<2.3 are satisfied. The carbon nanostructure aggregate of Example 4-1 was pro-
duced so as to satisfy 1.3<[COJ/[C]<2.8, 2.3%<[CO]<4.8%, and 1.1<[COJ/[CO,]<2.3, and it can be understood that the
external specific surface areas thereof achieve external specific surface areas greatly exceeding 1315 m2/g, which is
the theoretical value of a single-walled CNT. Also, it can be understood from a comparison between Example 4-1 and
Example 3-1 and Example 3-2 that Example 4-1 can achieve a higher yield.

INDUSTRIAL APPLICABILITY

[0141] According to the disclosure, a carbon nanostructure aggregate having a large external specific surface area
can be provided.

REFERENCE SIGNS LIST
[0142]

100, 200, 300 Apparatus for producing carbon nanostructure aggregate
102 Reaction furnace

104 Heater

106 Gas supply port

108 Discharge port

110 Holder

112 Shower head

1 Inlet purge section

2 Formation unit

2A Formation furnace

2B Reducing gas spraying section

2C Heater

3 Growth unit

3A Growth furnace

3B Source gas spraying section

3C Heater

3D Discharge port

4 Cooling unit

4A Cooling furnace

4B Cooling gas spraying section

4C Water-cooled cooling pipe

5 Outlet purge section

6 Conveying unit

6A Mesh belt

6B Belt-drive section

7, 8, 9 Connecting section

10 Catalyst substrate

11, 12, 13 Gas mixing preventing means
11A, 12A, 13A Discharge section

11B, 12B, 13B Seal gas spraying section
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Claims

10.

1.

A method for producing a carbon nanostructure aggregate, comprising supplying a source gas to a catalyst to
produce a carbon nanostructure aggregate comprising a plurality of carbon nanostructures by a chemical vapor
deposition method, wherein
a gas derived from the source gas and brought into contact with the catalyst comprises:
as a hydrocarbon to serve as a carbon source, at least one of:
a hydrocarbon A having at least one acetylene skeleton,
a hydrocarbon B having at least one 1,3-butadiene skeleton,
a hydrocarbon C having at least one cyclopentadiene skeleton, and
a hydrocarbon D having at least one allene skeleton, and

carbon monoxide and carbon dioxide; and

satisfies

0.01<[COY/[C]<15

where [C] is a total volume concentration of carbon contained in the hydrocarbons A, B, C, and D, and [CO] is a
volume concentration of carbon monoxide.

The method for producing a carbon nanostructure aggregate according to claim 1, wherein the volume concentration
of carbon monoxide is 0.001% or more and less than 15%.

The method for producing a carbon nanostructure aggregate according to claim 1 or 2, wherein the source gas
comprises at least one of acetylene, ethylene, 1,3-butadiene, and cyclopentene.

The method for producing a carbon nanostructure aggregate according to any one of claims 1 to 3, wherein the gas
derived from the source gas and brought into contact with the catalyst satisfies

0.01<[CO}/[CO,]<30

where [CO,] is a volume concentration of carbon dioxide.

The method for producing a carbon nanostructure aggregate according to any one of claims 1 to 4, wherein the
carbon nanostructures are carbon nanotubes.

The method for producing a carbon nanostructure aggregate according to any one of claims 1 to 3, wherein the gas
derived from the source gas and brought into contact with the catalyst satisfies 1.0<[CO]/[C]<3.0 and

1.0<[COJ/[CO,]<2.3 where [CO,] is a volume concentration of carbon dioxide.

A carbon nanostructure aggregate comprising a plurality of carbon nanostructures, wherein
an external specific surface area exceeds 1300 m2/g.

The carbon nanostructure aggregate according to claim 7, comprising graphene as the carbon nanostructures.

The carbon nanostructure aggregate according to claim 7 or 8, comprising graphene nanoribbons as the carbon
nanostructures.

The carbon nanostructure aggregate according to any one of claims 7 to 9, comprising carbon nanotubes as the
carbon nanostructures.

The carbon nanostructure aggregate according to any one of claims 7 to 10, wherein a carbon purity by X-ray
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fluorometry is 98% or more.

12. The carbon nanostructure aggregate according to any one of claims 7 to 11, wherein a ratio of a G band peak
intensity to a D band peak intensity (G/D ratio) in a Raman spectrum is 2 or more.
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